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Abstract Polyesters are a particularly interesting group
of polymers because of their ester bonds in the main chain,
which are sensitive to degradation. It has been shown that
aromatic polyesters [eg. poly(ethylene terephthalate)
(PET)] can be degraded when they are copolymerized with
aliphatic polyesters. In this regard, the objective of our
previous study was to obtain and investigate new copoly-
mers with some fragments of PET and its hydrolytic deg-
radation. In this work, the impact of ozone degradation
on properties of bis-2-hydroxyethyl terephthalate-based
copolymers was researched. Apart from the bis-2-
hydroxyethyl terephthalate, the copolymers comprised
oligomers of lactic acid and glycolic acid in different
combination. During ozone degradation, samples were kept
for 24 h in atmosphere containing 0.51 vol.% of ozone.
Structure changes were determined by means of FTIR
spectroscopy. In the IR spectra of ozonised samples, new
bonds characteristic for ozonised polymers were observed.
Thermal properties of copolymers before and after degra-
dation process were reviewed based on differential scan-
ning calorimetry (DSC) and thermogravimetry. DSC
results revealed that melting point increased, especially for
copolymers displaying higher quantity of PET units.
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Introduction
Poly(ethylene terephthalate) (PET) is one of the important,
commercially available polymers with widespread appli-
cations and simultaneously extremely high resistance to
atmospheric and biological agents. In order to improve its
degradability, an incorporation of aliphatic units into
structure of PET by copolymerization or reactive blending
are commonly applied [1]. The study of degradation and
stabilization of polymers and their copolymers is an
extremely important area from the scientific and industrial
point of view. It is expected that within the usability span a
particular product will continue to display its key features
and after the lapse of this period will gradually deteriorate
forcing the consumer to purchase a new model of the
product. The common methods of polymer degradation are
biodegradation, pyrolysis, oxidative degradation, photo-
degradation and catalytic degradation [2–5]. In view of the
high accumulation of ozone in the troposphere, it is
important to determine the influence of this gas on the
oxidative degradation and consequently, on the basic
chemical and physical properties of polymers [6]. For this
reason, the investigations of influence of ozone on the
structure and thermal properties of new polymeric materi-
als seem to be an important issue. Active oxygen forms,
such as singlet oxygen and ozone, are responsible for
oxidative degradation of a variety of materials, including
polymers. Ozone-induced degradation of common poly-
mers yields volatile radicals and peroxide species which
may escape into the environment. Simultaneously, in the
solid matter hydroxides, peroxides, or carbonyl groups are
formed [7, 8]. Detailed studies concerning ozone degra-
dation of the majority of commercial polymers are avail-
able in the literature [9]. On the other hand, there is
relatively little data concerning ozone degradation of new
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materials such as conductive polymers [6, 10] or biode-
gradable polymers.
In our work, the impact of ozone degradation on prop-
erties of bis-2-hydroxyethyl terephthalate-based copoly-
mers was studied. The synthesis and hydrolytic degradation
of some analysed copolymers were described in our earlier
works [11–13]. These copolymers contain bis-2-hydroxy-
ethyl terephthalate (B), glycolic acid (G) and L-lactic
acid (L) units, which are non-toxic and renewable raw
materials. The composition of investigated copolymers
was 80/20 wt% for samples BL1 and BG; 70/30—BL2,
60/40—BL3; 50/50—BL4 and 80/10/10 for sample BLG.
The degradation processes of the investigated copoly-
esters are an important characteristic determining their final
applications. Each polymer can undergo degradation at
different rates in different conditions. In our case, samples
during ozone treatment were kept for 24 h in atmosphere
containing 0.51 vol.% of ozone. Structure changes were
determined by means of FTIR spectroscopy. Thermal
properties of copolymer before and after ozone degradation
process were investigated by means of differential scan-
ning calorimetry (DSC) and thermogravimetry (TG).
Experimental
Materials and condition of the degradation tests
Polymeric material used in this work was a series of
copolyesters synthesized by melt polycondensation based
on bis-2-hydroxyethyl terephthalate, L-lactic acid and gly-
colic acid oligomers [11–13] (Fig. 1).
Samples which were used in this study contained 10, 20,
30, 40 and 50 wt% of lactic acid for samples BLG, BL1, BL2,
BL3 and BL4. respectively, and 10, 20 wt% of glycolic acid
for samples BLG and BG, respectively. Obtained polymer
powder was pressed into pellets (0,8 g), applying 20–40 Bar
pressure. On one side of the pellets, golden contacts were
placed by vacuum evaporation technique. The ozonization of
polymer samples has been performed in the test vessel used
earlier for investigation of electronic conducting polymers
[8]. Bach mode ozonization vessel containing polymer
samples was filled with ozonized oxygen. The ozone gas was
generated from analytical grade oxygen gas applying electric
discharge ozone generator made by ELTO, Poland. The
ozone content in the gas was about 0.51 vol.%. Ozonization
was carried out for 24 h at room temperature.
FTIR
Infrared spectra of the polymer samples in KBr disc form
(3 mg of copolymer/300 mg of KBr) have been recorded
on Perkin-Elmer 2000 FTIR from 400 to 4,000 cm-1
before and after ozonization.
Thermogravimetric analysis (TG)
TA Instruments, SPT 2960 Simultaneous DSC-TGA was used
for studying thermal behaviours of degraded and non-degraded
samples which were in a form of powder. The thermogravi-
metric analyses were carried out under nitrogen flow in the
293–873 K temperature range at heating rates of 10 K min-1.
Differential scanning calorimetry (DSC)
The melting characteristics of copolyesters were deter-
mined by DSC (Polymer Laboratories, Epson, GB). The
DSC analyses were carried out under nitrogen with flow
rate about 1.5 mL min-1 heating rates of 10 K min-1 from
room temperature to 523 K. All runs were carried out with
a sample of 5–9 mg. The crucibles used during DSC




































































Fig. 1 Scheme of investigated
copolymers BL, BG and BLG




The spectroscopy in the infrared light is a valuable method
in polymer chemistry. Careful analysis of spectra gives
insight into a polymer chemical structure. The most
important signals found in FTIR spectra of studied
copolymers together with their assignments are listed in
Table 1. Comparing the spectra of initial polymers with
these of ozonized, allowed us to deduce the nature of
chemical changes in the polymer. In this study, we have
investigated a wide spectrum of samples consisting of
different content of lactic acid, as well as glycolic acid.
Despite all structural differences of the initial copolymers,
the spectra of ozone-treated copolymers are fairly similar
(see Fig. 2). Differences in the bands intensity were a
subject of further investigations. In the spectra of ozonized
polymer, several distinct bands were found. Dominating
signals are related to oxygen bearing groups generated by
the oxidation of polymer chains. In spite of the fact that
most of the signals characteristic for the initial polymer are
present in the spectra, their intensities are significantly
decreased. One band was found to be missing in the treated
polymers spectra i.e. band near 1,608 cm-1 which could be
assigned to one of phenyl C–C in plane modes (see Figs. 2,
3). It is interesting that another phenyl C–C in plane mode
appears at 1,506 cm-1 at a slightly decreased intensity
[14]. The only reasonable explanation for this can be the
formation of charge transfer complex between phenyl ring
and ozone molecule resulting in the tightening of the ring
structure, which avoid the specific vibrations. Moreover,
ozone treatment causes considerable decrease of intensity
of band at 1,720 cm-1 ascribed to ester C=O stretching.
This indicates that the treatment results in the reduction of
ester linkages in polymer chains [15]. The absence of extra
bands that can be assigned to carbonyl moiety in spectra of
ozonized polymers implies that in this case ozonization
does not lead to carbonyl formation. This is understandable
assuming that the reaction was still in the initial stage when
the spectra were recoded. However, this is very unlikely.
The alternative explanation is that the end product of the
oxidation is mainly CO2, or resulting aldehydes, ketones
and carboxylic acids are volatile and escape from the
polymer matrix. During the analysis of variation of inten-
sity of the strongest signals in the series of studied
copolymers, we have found several interesting facts. The
intensity of band about 1,269 cm-1, assigned to ester
C–O–C stretching in ethylene terephthalate parts [14], is
well correlated with the variation of intensity of most of the
significant signals in the spectra of both initial and ozon-
ized polymers. The only exceptions are the new peaks
present in the spectra of ozone-treated polymers. These
new bands i.e. 3,140 and 1,401 cm-1 together with the band
at 3,016 which was substantially elevated due to the change
in its background are highly correlated with each other. In
addition, their intensities are not correlated with any other
signal. Discussion concerning proper assignments of these
bands is beyond the scope of this article, though, they typ-
ically occur in FTIR spectra of many ozonized polymers [8].
Together with the band at 1,269 cm-1 in the studied
copolymers, there exists an ester C–O–C stretching band
characteristic for lactic esters. It typically occurs at
1,195 cm-1, but in our case, it was found in the range
between 2005 and 1,195 cm-1. In Table 2, the intensities of
the two bands of C–O–C stretching are presented. Intensity
of these bands is well correlated both before ozone treatment
and after. Intensity decrease due to treatment is somewhat
correlated with the intensity of band at 1,197 cm-1. In view
of the above-mentioned facts, it can be stated that aliphatic
fragments undergo oxidation by ozone easier than aromatic
terephthalate fragments.
Thermal properties
The DSC thermograms were registered to establish the
impact of the degradation process of each of the copoly-
mers on their melt temperatures and enthalpy.
In Table 3, melt temperatures and enthalpies before
and after the ozone degradation process of crystalline
copolymers BL1, BL2 and BG copolymer were depicted.
Table 1 The most important FTIR bands with assignments
Wave number/cm-1 Assignment
3,448 Carbonyl overtone
3,140 C–O stretching (present in ozonized
samples only)
3,016 Phenyl C–H stretching
Multiplet 3,000–2,800 Aliphatic C–H stretching
1,724 Carbonyl stretching
1,631 Phenyl ring complex deformations
1,608 Phenyl C–C (in plane) stretching
1,506 Phenyl C–C (in plane) deformations
1,455 CH2 deformations
1,410 Phenyl ring in plane deformations
1,400 Band associated with ozonization
product present
only in ozonized polymers spectra
1,384 Phenyl ring deformations
1367, 1360 CH2 deformations
1,343 CH2 deformations perpendicular
to plane of CH2
1,266 Terephthalate ester C–O–C stretching
1,200 Lactate ester C–O–C stretching
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Depending on the aliphatic ingredient in the copolymer, a
different kind of influence the ozone degradation has got on
researched structures can be observed.
BL1 and BG copolymers once subjected to ozone deg-
radation display an increase of melt temperature while the
BL1 structure displays simultaneous reduction in the melt
enthalpy. Higher melt temperature of both copolymers
could be attributed to mer degradation derived from ali-
phatic fragments positioned on the ends of the chains
which have got a significantly lower melt tempera-
ture compared to the aromatic part originating form PET
[16, 17].
In the amorfic parts, the polymer segments are posi-
tioned in a less confined way and can be easily affected by
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Fig. 2 Collection of FTIR
spectra of all copolymers after
ozone treatment
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Fig. 3 FTIR spectra region
between 1,800 and 1,500 cm-1
of BL3 before and after ozone
treatment. The feature is
representative for all studied
polymers
Table 2 Intensity of ester C–O–C stretching FTIR bands charac-
teristic to terephthalate and L-lactate esters at 1,269 and 1,197 cm-1,
respectively
Copolymer A (1,269) A (1,197)
Initial Ozonized Initial Ozonized
BLA 1.0056 0.4902 0 0
BL1 2.3945 0.9742 0.232 0.193
BL2 2.6053 1.0351 0.392 0.291
BL3 2.2526 0.8113 0.4 0.287
BL4 1.0589 0.5153 0.465 0.209
BGA 0.7352 0.4566 0.098 0.08
BG 1.1886 0.2512 0.318 0.088
BLG 0.8194 0.5641 0.125 0.111
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In spite of the above mentioned in the case of BL1 and BL2
copolymers, the disrupted chains were not able to improve
the mobility of segments which therefore prevented the
regrouping of regularity, as inferred from the reduction in
phase transition enthalpy [15, 19].
In the case of BL2 copolymer, where the load of ali-
phatic fragments was at 30 wt% the melt enthalpy reduc-
tion was drastic, i.e. 23 J g-1 as well as the decrease in
melt temperature—by 298 K. This confirms the fact that
the polymers were degraded once subjected to ozone.
The other technique which was used to measure the
thermal stability of copolymers, the before and after deg-
radation process was TG. The main criteria to indicate the
thermal stability of the copolymers were the percentage
mass loss as a function of temperature. T10, T50 (tempera-
ture for 10 % and 50 % mass loss, respectively).
The results obtained for the BL copolymer series as well
as the BG and BLG polymers were presented in Table 4.
The impact of the ozone degradation process on thermal
stability of copolyesters is apparent mainly in the shift in
temperatures in the case of 10 % mass loss (T10%) oriented
at higher temperatures in comparison with the original
compounds.
There was an increase in decomposition temperatures in
the case of all researched compounds independent of the
kind and quality of the present aliphatic groups [20].
As shown in the Table 2, the most significant increase in
thermal resistance was displayed by copolymers containing
small amount of lactic acid, i.e. BL1 and BLG with 12 and
10 K increase, respectively. The same rule does not apply
to glycolic acid.
It could be easily observed that thermal stability of
researched copolymers decreases with the increase in the
load of aliphatic parts. The phenomenon is related to the
loss of copolymer aliphatic fragments in the hydrolytic
degradation process which results in the increase in the
percentage of ET in the chain [21, 22]. The ET fragment
has got a higher decomposition temperature and therefore
the increase in its load in the copolymer’s structure results
in the increase in degradation temperatures [19, 23, 24].
Conclusions
– The degradation process was studied by FTIR, DSC
and TG. The thermal behaviour suggested the degra-
dation of the investigated copolyesters.
– In the case of BL1 and BG copolymers, there was an
increase in melt temperature which could be attributed
to the degradation of aliphatic groups on the ends of
chains.
– Melt temperature of the BL2 copolymer decreased
which could indicate the degradation of amorfic regions
and the decomposition of polymers into fragments of
lower molecular mass.
– Temperatures of decomposition of the researched
compounds increased independent of the kind and the
load of used aliphatic ingredient whereas the most
significant increase was observed in the case of
compounds containing 20 wt% of lactic acid.
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